Abstract. Microfabricated interdigitated electrode array is a convenient form of electrode geometry for dielectrophoretic trapping of biological particles within micro-fluidic biochips. We have previously reported experimental results and finite element modeling of the holding forces for both positive and negative dielectrophoretic traps on microfabricated interdigitated electrodes within a microfluidic biochip fabricated in silicon with a 12 µm deep chamber and anodic-bonded glass cover. Based on these prior studies, we present in this paper a dynamic study to investigate the stopping capability of dielectrophoretic devices with limited electrode teeth. Simulation results on the issues of design and optimization of the dielectrophoretic devices are also presented and discussed in detail. Simulation results show that the maximum particle stopping distance in a specific device is very sensitive to the chamber height due to the near-electrode nature of DEP force. The relationship between maximum stopping distance and the applied voltage is presented, and the electrode spacing is found to be important in designing the electrode geometry. The spacing should be no less than the chamber height in order to efficiently capture the particles in a relatively short range at a given applied voltage and flow rate.
Introduction
When biological particles are placed in a non-uniform AC electrical field, they are subjected to dielectrophoretic force resulting from the interaction of the induced electrical polarization charge with the non-uniform electric field. Depending on the particle polarisability compared with the suspending medium, the particle moves either towards the location with the greatest electric field gradient (positive DEP), or location away from the highest electric field gradient (negative DEP) (Pohl, 1978) . DEPbased techniques have been successfully used for many biological applications to date, such as separations of viable and nonviable yeast cells (Huang et al., 1992; Markx et al., 1994) , separation of live and heat-treated listeria bacteria (Li and Bashir, 2002) , isolation and detection of sparse cancer cells, concentration of cells from dilute suspensions, and trapping and positioning of individual cells for characterization (Wang et al., 1997) . Among these, the simplest method of practical dielectrophoretic separation is that of flow separation by using microfabricated interdigitated electrode array at the bottom of the microfluidic devices (Hughes, 2002) . So far most studies used a flat, horizontal micro-channel that was formed by a spacer (∼400 µm height is normally used) sandwiched between the bottom electrode plate and a top glass plate. It is known that the magnitude of DEP force reduces quickly with distance above the electrodes, and as a consequence the particles will experience appreciable dielectrophoretic forces only in the area near the electrodes (Markx and Pethig, 1995) . Thus the devices with large chamber heights are not suitable for DEP trapping, since not only the particles experiencing negative DEP can't be stopped, some particles experiencing positive DEP have to pass over the electrodes at distance too large for the dielectrophoretic force to be sufficient to trap them.
We have previously reported experimental results and finite element modeling of the holding forces for both positive and negative dielectrophoretic traps on microfabricated interdigitated electrodes within a microfluidic device (Li et al., 2005) . This device was fabricated by KOH anisotropically etching a thin (∼12 µm) micro-channel into single crystalline silicon substrate and the channel was closed with a glass cover using anodic bonding. The schematic plot of the device including the channel and interdigitated microelectrodes are shown in Figure 1 . The releasing voltages were measured for different particles (polystyrene beads, yeast cells, spores and bacteria) against destabilizing fluid flows at a given frequency. A simulation environment was developed using Finite Element and numerical methods to obtain near-electrodeplane high-order DEP forces and other forces on particles in the fluidic flow in both horizontal and vertical directions. The experimental results and those from modeling are found to be in close agreement, validating our ability to model the dielectrophoretic filter. However, this information is not sufficient since the releasing voltage is measured in a static case where only force equilibrium is considered. To model real cases where particles enter the DEP-Flow
Fig. 1. A schematic plot of the device cross section in (a) and a cross-section along A-A of the chamber in (b).
chamber with varying initial velocities and heights, in this paper we present a dynamic study to evaluate the stopping capability of a dielectrophoretic device with a limited number of electrodes. Along with this, optimization of parameters such as chamber height and electrode array geometry on the design of such dielectrophoretic devices is also discussed.
Particles in the dielectrophoretic filter experience forces from dielectrophoresis, gravity, hydrodynamic drag and lifting effects. The multi-order dielectrophoretic force was given by Washizu and Jones (Jones and Washizu, 1996; Washizu and Jones, 1994) as:
where n refers to the force order, and
where is the electrostatic potential of the external electric field, K n is the nth-order Clausius-Mossotti factor
where ε * p and ε * m are the relative complex permittivities of the particle and the medium respectively and are each given by ε * = ε + σ/( jω), where ε is the permittivity and σ is the conductivity of the particle or medium, and j is √ −1. Higher-order terms must be taken into account when the small particle is close to the electrode edges or at field nulls for accurate simulations. The hydrodynamic drag force on a particle of radius r is dependent on the velocity of the particle relative to that of the fluid medium and is given by the modified Stokes equation (Goldman et al., 1967 )
where η is the dynamic viscosity of the fluid, υ p and υ m are the velocity vectors of the particle and the medium fluid at the center of the particle, k is a non-dimensional factor accounting for the wall effects (k > 1, for particle in contact with the wall k ≈ 1.7). The fluid is usually assumed to follow a parabolic laminar flow profile such that υ at a distance y from the bottom of the chamber is:
where υ is the mean velocity of the flow and h is the top to bottom spacing of the chamber walls:
where w is the width and wh is the cross section area of the chamber, V is the nominal flow rate in µl/min. The sedimentation force is given by:
where r is the radius of the particle, ρ p and ρ m refer to the densities of the particle and medium respectively, and g is the gravitational acceleration constant. The Hydrodynamic lifting force experienced by a non-deformable
